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I. INTRODUCTION

The survivability of armored vehicles depends in part on the
reaction of stowed ammunition to attack, This stowed ammunition may be
struck by primary penetrators such as shaped charge jets and kinetic
energy projectiles, or by spall fragments. Analyses of armored vehicles
show that the environment created in a vehicle by the initiation of the
propellant charge in only one round of large caliber ammunition has the
potential to incapacitate the crew. Initiation of large caliber ammu-
nition in a tank exposes the crew to cartridge case fragments, fire from
burning propellants, and toxic gases created by the burning propellants.
Besides being lethal to the crew, the initiation of the tank's main gun
ammunition could also destroy the tank. One can see that the combustion
of this internally stored ammunition, as a result of impact by either
primary penetrators or spall, can lead to the catastrophic loss of the
armored vehicle.

There are several approaches to reducing the catastrophic loss of a
vehicle due to the initiation of stowed ammunition. One of these approaches
is the use of massive armor protection for the ammunition to reduce the
probability of the ammunition being struck by main penetrators. Shielding
could be employed around the ammunition to reduce the probability of
initiation by spall; possibly the crew compartment could be lined with a
spall suppressive material. The above approaches deal with the prevention
of round initiation due to primary penetrators and spall. The weight
associated with this sort of vehicle protection would make its application
impractical. Another approach is to store the ammunition outside of the ;
crew compartment in a vented ammunition compartment, a concept known as g
compartmentalization. Compartmentalization is concerned with protecting i
the crew and the vehicle from attacks on the stowed ammunition by separating
the ammunition from the crew compartment and from vulnerable vehicle
components., Figure 1 is a drawing of a generic ammunition compartment.

The compartment has blast proof doors and external vents on the top and
bottom. These vents are covered with vent plates. The blast proof

doors separate the crew from the ammunition. When the ammunition is
initiated by an attacking round, the vent plates blow off and the

flames and toxic gases from the exploding rounds exit the vehicle through
the open vents while the crew remains unharmed on the other side of the
blast proof doors. Figure 2 shows a generic tank with two possible
ammunition compartment locations.

e
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The concept of compartmentalization was considered as early as the
late 1940's, but little effort was undertaken until compartmenting
techniques were being considered for the main battle tank (MBT 70)
about the time that program was canceled. The concept was then applied
to the MBT 70 follow-on, the XM803 program. Results from the XM803

13

A
[ PRECEDING PAGE NOT FILMED




tests gave some cause for optimism,* although much baseline data

were needed to support the design and evaluation of a feasible 1mple-
mentation of compartmentalization. Early in 1974, the Ballistic
Research Laboratory (BRL), with support from the XMl Project Manager's
Office, began to assemble baseline data that could be used for the
design and implementation of vented ammunition compartments in the new
main battle tank (XMl1).

This report describes a series of tests conducted to produce
baseline data to aid in the design of ammunition compartments for
use in the XMl tank. These tests were designed to investigate the
environmental conditions present in a vented ammunition compartment
when a single 105mm round stowed in the compartment is impacted by a
shaped charge jet. Parameters of interest in these tests were pressure- .
time histories in the compartment, rupture pressures of ammunition
cartridge cases, ammunition temperatures, residual jet penetration,
and jet-tip velocities. Prior to this test series, a mathematical
model of a vented ammunition compartment was developed.1 This com-
partment model was used as a design tool for parametric studies to
show the effects of variations in vent area, cartridge-case rupture
pressures, and vent blow-off pressure times on compartment structures.

One of the most important parameters in the model is the cartridge-

case rupture pressure - all pressures in the compartment are dependent

on the magnitude of this rupture pressure. Tests were conducted by

the Interior Ballistics Laboratory (now called the Propulsion Division) =
to determine cartridge-case rupture pressures when rounds were electri-

cally detonated.2 These cartridge-case pressures were in turn used .
as input to the ammunition compartment model along with a description

of the ammunition compartment that was used to collect baseline data.

The output from this program served as a tool in the design of the i |
baseline compartment tests.

Y

b

*J.M, Hennessey, '"Compartmentalization Work at TACOM,' BRL Briefing
29 Jan 1974,

1

A.J. Budka, and L. Stansbury, Jr., "A Mathematical Model for
Design-Evaluation of Vented Ammunition Boxes,' Ballistic Research
Laboratory Memorandum Report #2590, February 1Y76. (AD #B009785L)

ZC.R. Ruth, and J.M. Frankle, "Rupture Pressure for Metal Cartridge

Cases,' Ballistic Research Laboratory Memorandum Report #2743.
April, 1977. (AD #B018599L)
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IT. TEST COMPARTMENT AND AMMUNITION

The BRL compartment used in this test series is a typical ammuni-
tion compartment designed to hold eight 105mm rounds. It has an in-
ternal volume of 19,024 cubic inches within walls of l-inch steel,
rolled homogenous armor (RHA); there is a 192-square-inch vent in
the top. For this test series, the compartment was laid on its side
(Figure 3.) Holes 2 inches in diameter were drilled in the top and
bottom of the compartment to provide an entrance and an exit for the
shaped charge jet fired through the compartment. The purpose of these

. holes was to minimize the shock loading (jet impact) on the piezoelectric
transducers, mounted on the side of the compartment opposite the open
vent and on the door of the compartment, which would be transmitted

. through the compartment walls. For testing purposes, thrce rounds
were placed in the compartment; one live propellant round was centered
in the compartment, and two dummy rounds were placed between the live
round and the compartment vent.

e DR e o im o ol

The three types of ammunition used were:

Farad o $hane . iaid

Live Propellant Round

APDS M392A2 105mm

Electrical Primer M80Al

Cartridge Case M115B1

Propellant M30 12 1b

Projectile: T382 proof slug 12.9 1b

Dummy Rounds

HEAT M456A1

Inert Warhead

No Propellant

Cartridge Case M148A1Bl1 steel

HEP-T M393A2
No Propellant
Cartridge Case M148A1B] steel

The initiating charge used was the BRL 3.2-inch precision-shaped
charge, Figure 4,
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111, INSTRUMENTATION

Instrumentation for this test series consisted of a combination
of piezoelectric transducers, strain gauges on the first couple of
tests, mechanical crush gauges, thermocouples, event screens, and
witness plates. The piezoelectric transducers were used to measure
compartment pressure vs time; the strain gauges to measure ammunition 1
rupture pressure vs time; the mechanical crush gauges to measure peak {
pressures in the compartment and in the live propellant cartridge R
case; the thermocouples to record ammunition temperature vs time; the
event screens to measure jet-tip velocities; and the witness plates t%
to measure residual penetration. Additional instrumentation provided ’

for high-speed photographs of the events. ’ ‘,
{ Two different types of piezoelectric pressure transducers were
used in the compartment during this test series to determine the loading

on the side and the end of the vented ammunition compartment. One of
these was the Susquehanna Instruments Model ST-4 tourmaline transducer,
a nonresonant transducer capable of reproducing the high frequencies
of the pressure pulse., However, it is sensitive to the extreme temper-
- atures encountered in these tests and cannot be relied upon to produce
valid pressure measurements for more than a short period of time (5
milliseconds, more or less, depending on severity of reaction) after
the initial pressure pulse has occurred. Tests indicate that after
this time thermal sensitivity causes a severely negative baseline
shift in the records, making an accurate assessment of pressure im-
possible. The Kistler Model 617A transducer was also used to extend
the time in which the pressures could be measured. This transducer has
a more temperature-stable quartz element which makes it more adaptable
to the extreme thermal environment but it becomes excited by sharp
pressure pulses with frequencies above approximately 40 KHz. For
this reason the signals produced were electrically filtered to reduce
recording frequencies above 30 KHz,

A small amount of silicone grease was applied to the sensitive
surface of each of the transducers to provide added thermal protection.
Sensitivity to acceleration was essentially eliminated by mounting
each transducer in a specially designed mechanical shock isolation post.

A report of the ;bs;; conducted to determine which type of piezoelectric
_ transducers to use and the method of mounting them is contained in Appendix B.

The signals from the transducers were recorded on FM magnetic
tape having a frequency response of zero to 80KHz. This capability,
when coupled with individual transducer characteristics, produced an
overall frequency response of 80KHz for 5 milliseconds with the ST-4
transducer and 30 KHz for more than 30 milliseconds when the Kistler
617A transducer was used.
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Each of the piezoelectric pressure transducers was connected
by a 3-inch length of low-noise, miniature coaxial cable to an imped-
ance converter which converted the electrical signal produced by the
transducer-sensing element to a low impedance signal. This effectively
eliminated the introduction of extraneous noise into the 100-foot
cables which conducted the signals to the recording room where the
remainder of the recording equipment was located.

The signals were amplified and then recorded on a Honeywell
Model 7610 magnetic tape recorder with a center frequency of 432 KHz
and run at a tape speed of 120 inches per second. A block diagram
showing the interconnection of these components of the system is dis-
' played in Figure 5.

The transducers were calibrated periodically by subjecting them
to a pressure pulse of known peak value. Based on the electrical
response, a sensitivity value in millivolts per psi was obtained for
each unit. A calibrationvoltagc dctermined by multiplying the sensi-
tivity by the predicted peak pressure was momentarily connected to the
input amplifier for each channel and was used in the data reduction
process as the 100% calibration step upon which the values of the
pressure-time history of the blast waves were based.

ali i\ G 2

The output of a time code generator was aiso recorded on the
magnetic tape and provided the time base used in the subsequent treat-
ment of the data.

The tapes containing the analog data were digitized at a 500-
KHz sampling rate in preparation for processing on the BRLESC computer,
The values for pressure and impulse were then computed and tabulated
} and an output tape was generated for use by the CALCOMP plotter on
which the plots scaled for pressure versus time were produced for in-
clusion in this report.

Occasionally, the recording of the pressure-versus-time history
was interrupted by the mechanical failure of the transducer, or of
the signal cables or a connector, causing a noisy segment which was
unintelligible. The noisy segments have been deleted from the plots
F presented and a reason is given for doing so. Concurrent examination
! of the damaged hardware and the faulty plots usually permitted making
a logical diagnosis of the problem.

Internal ferrule gauges were place in the base of the projectile
and the nose of the live propellant round stowed in the compartment
(Figure 6) to record pressure time histories. Records from these
gauges were recorded on analog magnetic tape for further processing.

As mentioned previously, Ruth and Frankle successfully used these
guages to measure cartridge-case rupture pressures vs time in 105mm
rounds that were electrically detonated; however, they did not work
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well in our tests. We believe that the method of initiating (shaped
charge jet) the live propellant round was too violent for this par-
ticular type of gauge and the records produced were very noisy. After
the first three tests, their use was discontinued.

Mechanical crush gauges were placed in the compartment and in
the base and nose of the live propellant round, Figure 6. These
gsuges were used because they provided an inexpensive way to measure
the violence of the interaction of the shaped charge jet and the live
propellant. Since they normally are used to measure millisecond
events, the gauge readings in terms of pounds per square inch of
pressure are not necessarily meaningful; however, the ranking of these
readings appears to be useful. A data base of gauge readings for
ammunition events is being acquired to determine whether or not
differences in readings are significant and useful descriptors for the
environment in an ammunition compartment. Mechanical crush gauges
were also placed at various locations within the ammunition compartment.
Hopefully, some correlation can be made between their measurements and
the piezoelectric gauge measurements.

The mechanical crush gauge used was the T-18 gauge which consists
of a cylindrical body housing a metal sphere, and a piston and spring
combination. One end of the cylindrical body is closed while the
other end is partially open, Figure 7. When pressure is applied to the
piston through the open end of the cylinder, the piston moves forward
and compresses the metal sphere. Pressures are then determined by
measuring the compressed sphere with a Pratt and Whitney Super Micrometer.
Because of the anticipated higher pressures in the live propellant
round, crush gauges with copper spheres were used rather than the'
aluminum spheres used in the crush gauges placed in the compartment .

Temperature measurements inside the dummy rounds were recorded
with thermocouples connected to a Honeywell recorder. Iron-constantan
20-gauge wire was silver-soldered to the interior walls of the inert
warheads and cartridge cases. Although 20-gauge wire may seem exces-
sively large for thermocouple work, we decided that this size was
needed owing to the violent nature of the environment in the ammunition
compartment.

The Honeywell recorder was of the '"unbalanced-bridge type' capable
of recording eight channels of temperatures, each ranging from 0 to
800°F. The recording paper in this recorder travels at 3 inches per
minute, Each of the eight channels is recorded in sequence at the rate
of 30 readings per minute. Full deflection of 800°F covers 11 inches on
the paper, and increments of 5° can be read directly. Estimates to
the nearest degree can easily be made.

Jet-tip velocities were measured with the use of "event screens."

These event screens consisted of two sheets of aluminum foil separated
by a piece of paper to electrically insulate them. A wire was connected
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to each sheet of foil, and this pair of wires was connected in series
with a 1,500-ohm resistor, a 1-1/2-volt battery and an electronic counter
(timer), Figure 8. When the shaped charge jet was fired, the electronic
counter was started. When the jet penetrated the event screen, it com-
plcted the circuit sending a signal to the electronic counter. This
signal stopped the counter. The counter readings, along with the dis-
tances between the event screens, were used to determine the jet-tip
velocities at various locations along the path through the compartment.

IV. TEST SETUP AND TESTING PROCEDURE

Figure 9 is a diagram of the test setup for this series of tests.
The BRL ammunition compartment was placed on a blast table in which a
window was cut for the jet to pass through. The top of the blast table
was to act as a blast and fraguentation shield in an attempt to minimize
vibrational input to the pressure sensors mounted on the wallsof the
compartment. Four piezoelectric transducers were mounted on the com-
partment walls, two on the side of the compartment opposite the open vent
and two on the loading door. The two gauges on the compartment door
were mounted on each side of the base of th: live propellant round at
positions labeled 2 and 4, and the other two gauges were centered on

the side of thecompartmentatfositionslabeled 1 and 3 (see Appendix A).
The gauges at positons 1 and 2 were Susquehanna Instruments Model S1-4

tourmaline gauges and those at positons 3 and 4 were Kistler Model 617A
tourmaline gauges. Thin strips of metal were welded over the trans-
ducers on the side of the compartment to protect them from fragments.
Mechanical crush gauges were mounted in the side of the compartment
opposite the open vent on strips of metal welded in the compartment. The
compartment contained three rounds, a 105mm round with live propellant
mounted in the center of the compartment and two dummy rounds, a 105mm.
HEP round and a 105mm HEAT round with inert warheads, mounted betwcen
the live round and the open vent. The live round was supported by a
steel stand, and the two dummy rounds were clamped in place. The live
propellant round was instrumented with mechanical crush gauges and for
the first couple of tests with internal ferrule strain gauges. The
dummy rounds were instrumented with thermocouples. The mechanical crush
gauges and the strain gauges were located in the nose (base of the pro-
jectile) (Figure 6}, and in the base of the live propellant round. The
HEP warhead body contained three thermocouples on its interior walls, one
in the nose and two on the sides. The body of the HEAT warhead contained
two themocouples, both on the interior walls (Figure 10). One of the
empty cartridge cases contained three thermocouples. Steel RHA witness
plates were placed under the compartment to measure residual jet pene-
tration. Event screens were placed on top of the jet conditioner, the
compartment, the live round, on the bottom of the compartmert, and on
top of the residual stack of RHA,

A BRL 3.2-inch precision shaped charge jet was fired through a

stack of steel RHA, through the entrance hole to the compartment, and
into the live propellant round, 12 inches from its base. The jet
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exited the round, exited the compartment via the jet exit hole in the
bottom of the compartment, and penetrated into the residual stack of
steel RHA under the compartment. The parameters that were changed in
this test series were the amount of jet conditioner used, 4 to 11 inches
of steel RHA, and the length of the propellant path through which the
jet passed, 1 to 8 inches. Figure 11 shows the different propellant
paths used. In an effort to test the effect of a coolant in the com-
partment, two one-gallon jugs of water were placed in the compartment
for several tests.

V. SUMMARY OF TEST RESULTS

Appendix A describes in detail all tests in this series. Included
in Appendix A are all presure-time histories, temperature-time histories,
and a brief narration on each shot,

Mechanical crush gauge pressures recorded in the live propellant
round ranged from 100 psi to 5400 psi in the base of the cartridge case
and from 100 psi to 7400 psi in the nose of the cartridge case, the base
of the projectile. The pressures in both the nose and the base of the
cartridge case increased as the jet residual increased. Figure 12, a
bar graph, shows the increase in pressures as the residual of the shaped
charge jet increases. The jet propellant path is held constant while
the amount of the residual is varied. These pressures also increased
as the jet's path through the propellant increased. Figure 13 shows how
the cartridge case pressures increase as a function of the jet propellant
path. In this figure the amount of jet conditioner is held constant,

8 inches (approximately 4.5-inch residual), while the jet propellant path
is varied. As these two figures show, in most cases the pressures are
higher in the base of the cartridge case than in the nose, the most

notable exception to this being in those tests where there was an 8-inch
jet/propellant path. 1In all tests except those in which there was

an 8-inch jet/propellant path, the shaped charge jet impacted the live
propellant round 12 inches from the base of the cartridge case. In test shots with
the 8-inch propellant path, the jet impacted the cartridge case closer

to the neck of the cartridge case. Figure 14 shows the average pressures
in the nose and base of the cartridge case for all jet propellant paths.

No results were obtained from the internal ferrule strain gauges
mounted in the nose and base of the live propellant cartridge case
(Figure 6). As was stated earlier, the records produced by these gauges
were extremely noisy and no data could be obtained from them.

In tests conducted prior to this test series to measure the rupture
pressures of cartridge cases when the round was ignited by electrical
ignition of the primer, the pressures in the base of the round were
always higher than those in the neck of the round. Cartridge case
pressures for this type of ignition averaged 6200 psi in the base
of the round and 3100 psi in the neck of the round. In these tests
the method of initiation was always the same and there was little
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variation in cartridge case pressures. It is interesting to note that

in the present test series the base pressures were not always greater
than those pressures in the nose of the round, Also of interest is

the wide variation in rupture pressures in those tests conducted using
the same conditions. This variation in pressure is due to the unpredict-
able nature of the jet/propellant interaction.

As was the case with the pressures recorded in the live propel-
lant round, the compartment pressures also increased as the jet residual
increased. Figure 15, a plot of the pressure ranges recorded on both
the side and door of the ammunition compartment, shows that the com-
partment pressure increased as the jet residual increased. The peak
pressures recorded on the door are considerably higher than those
recorded on the side of the compartment. Figure 16 shows the average
peak pressures recorded as a function of jet residual, for all jet
propellant paths tested. Again the compartment pressure increased as
the jet residual increased and the peak pressures on the door were
higher than those on the side of the compartment. This trend continues
in Figure 17, the only difference being that the jet propellant path
was held constant, 5 inches, while the jet residual was varied. Figure
18 shows the compartment pressure increasing as a function of the jet
propellant path. The amount of jet conditioner was held constant, 8
inches, (approximately a 4.5-inch residual). In most of the cases,
the peak pressures recorded on the door of the compartment were higher
than those recorded on the side, but for the 8-inch jet propellant
path, the pressures on the side were higher. It is interesting to note
that in most tests the base pressures were higher in the live propel-
lant round than the nose pressures, with the exception of those shots
where an 8-inch jet propellant path was used. Figure 19 shows a com-
parison between the average peak pressures in the compartment recorded
by the piezoelectric gauges and the mechanical crush gauges. Again the
jet propellant path was held constant at 5 inches. On the average,
there is a fairly good agreement between the piezoelectric transducers
and the mechanical crush gauges.

A listing of the peak pressures recorded by the piezoelectric
transducers on each channel for each of the tests is given in Table I.
Also listed are impulse calculations for each channel for each test.
These impulses were calculated by finding the area under the pressure-
time curve. Impulses were calculated for intervals up to 5 milliseconds,
10 milliseconds, 15 milliseconds, and 19.5 milliseconds. In some
cases calculatijons were not possible because of noisy records or nega-
tive pressures caused by broken signal cables.

Plots of impulse vs time for the compartment walls are shown for
all shots with 5-inch, and 8-inch jet propellant paths (Figure 21).
The amount of jet conditioner was constant, in inches, in tests plotted
on Figure 21,
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Peak temperature measurements recorded by thermocouples in the
empty cartridge cases stowed in the ammunition compartment ranged from
250°F to 760°F. Maximum temperatures in tests where there was no water
in the compartment, tests 1 through 23, ranged from 330°F to 570°F
with an average peak temperature of 423°F. In tests where water was
used in the compartment, tests 24 through 28, peak temperatures ranged
from 250°F to 500°F with an average peak temperature of 328°F. The
temperatures recorded during the fifth shot, test 24, were the highest

temperatures recorded, 760°F and 610°F. If test 24 could be disregarded,

the effect of adding water to the compartment reduced the average peak
temperature in the cartridge cases by approximately 100 °. In tests
where no water was added to the compartment, the average peak tempera-
ture when the jet propellant path was 5 inches was higher than that in
tests when the jet propellant path was only 1 inch, 459° as opposed
to 388°, No temperature data were acquired from tests where the pro-
pellant path was 8 inches; the leads to the thermocouples were always
broken.

Maximum temperatures recorded in the inert HEAT warheads ranged
from 120° to165°F with an average reading of 141° as opposed to maximum
temperatures in the inert HEP warheads which ranged from 175° to 210°F

with an average reading of 191°F. The difference in temperature is due to

the difference inthe thickness.of the warhead case.

Average peak temperatures in the HEAT warheads in tests conducted

with 5-inch jet propellant paths (150°F) were higher than those in tests
conducted with a l-inch jet propellant paths (136°F). The opposite

was true for the HEP warhead. In thetests with a 5-inch propellant
path the average peak temperature was 185°F while the average peak
temperature in tests with a l-inch jet propellant path was 197°F. The
inert warheads were not instrumented with thermocouples in the tests
which included water in the compartment.

The peak temperatures in both the empty cartridge cases and in
the inert warheads in all of the tests occurred within 30 seconds of
the time that the shaped charge jet entered the compartment. The
cartridge case temperatures fell off rapidly for the first minute or
two after the peak temperature had been reached, and gradually there-
after. Temperatures in the inert HEAT and HEP warheads fell off grad-
ually after the peak temperatures were recorded; only a slight decline
in tempertures was noted during the 6 minutes that they were monitored.

Figure 22 shows the average peak temperatures recorded in the
dummy cartridge cases and the inert HEAT and HEP warheads. Also shown
are the average maximum temperatures in the cartridge cases and inert

warheads 3 minutes after the jet entered the compartment. These temper-

atures were recorded in compartments containing no water jugs, and all
shots were through 5-inch propellant paths.
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A comparison of the peak temperatures recorded in cartridge

cases stowed in compartments with and without water jugs is shown in
Figure 23. Againthese plots are from tests in which the jet propellant
path was 5 inches. As in Figure 22 the average peak temperatures were
also plotted 3 minutes after the initial event.

A plot of residual penetrntion of shaped charge jets for all
shots, measured in steel RHA witness plates at the bottom of the test
fixture, is shown in Figure 24. Note the relatively small differences
in residual penetration between those shots where the jet was conditioned
with 10 inches of steel RHA and those where 4 inches were used,

The event screens used in these tests to measure jet-tip veloc-
ities proved to be unreliable and inconsistent. Only in a few tests
were we able to obtain jet-tip velocities from all event screen loca-
tions. Those that were obtained are recorded in Table II. The loca-
tions of the event screens, labeled A, B, C, D and E, are shown in
the figures depicting the test setups in Appendix A. Four counters and
five event screens were used. When a jet penetrated event screen A,
it started all four electronic timers; each time a jet passed through
an event screen one of the timers was stopped, thus giving times elapsed
between event screen A and each of the other four screens. The veloc-
ities were then computed between event screens A and B, A and C, A and

D, and A and E. (Table II)

Table III is a summary of all the test results in this series.

VI. ANALYSIS OF TEST RESILTS

All of the environmental conditions observed in the ammunition
compartment in this test series, with the exception of the ammunition
temperature/time measurements, are dependent on the magnitude of the
jet/propellant interaction. The pressures measured in the compartment
are dependent on the rupture pressures of the cartridge case which in
turn are dependent on the jet/propellant interaction. The measured
residual penetrations of the shaped charge jets are also dependent on
this jet/propellant interaction. The magnitude of the jet/propellant
interaction is dependent on many parameters, two of which are the
shaped charge jet-tip velocities and the length of the jet/propellant
path through the impacted round.

Two parameters which have had an effect on the magnitude of
rupture pressures in cartridge cases are the shaped charge jet-tip
velocities and the length of the jet/propellant path. Jet-tip veloc-
ities can be raised or lowered by varying the amount of stcel RHA
through which the jet passes prior to impacting the target. An un-
impeded jet from the 3.2-inch BRL precision shaped charge has a tip
velocity of 7.5mm/usec; whereas, a jet which has passed through a 10-
inch jet conditioner of steel RHA has a tip velocity of approximately
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4mm/usec.* Other tests conducted at BRL showed that the amount of
energy released by the jet/propellant interaction was increased when
the jet was more energetic, i.e., when the jet-tip velocity was higher.

The higher tip velocities create a more violent jet/propellant
reaction and the magnitude of this reaction is reflected in the rupture
pressures recorded in cartridge cases and in the damage to the cart-
ridge cases with live propellant used in this test series. Figure 14
shows that cartridge case pressures increased as the jet-tip velocities
increased. The jet-tip velocities varied from approximately 4mm/usec
for a jet fired through 10 inches of steel RHA to 5.1mm/usec for a . ;
jet fired through only 4 inches. Damage to the cartridge cases with
the live propellant correlates with the recorded cartridge case pressures.

In shots where 4 inches of jet conditioner were used, high pressures

were experienced and the impacted cartridge case fragmented into many 3
pieces. In those shots where 10 inches of jet conditioner were used

and lower pressures were experienced, the impacted cartridge cases

usually broke into two large pieces.

As the shaped charge jet passed through the propellant bed (live
propellant in cartridge case), high pressures induced a violent localized
explosion in the jet's path and in a relatively small volume of pro-
pellant adjacent to the impacted propellant. Tests are being conducted
by J. Majerus of the Warhead Mechanics Division to determine the amount
of propellant which participates in this initial detonation. The amount
of propellant which participated in the initial explosion was increased
by varying the length of the jet/propellant path from 1 inch to 8 inches.
While varying the length of the jet/propellant path, the amount of jet
conditioner remained constant, 8 inches of steel RHA. Therefore, the
jet-tip velocities for these tests should have been fairly consistent.
The test results showed that the violence of the jet/propellant inter-
action was increased as the length of the jet propellant path was increased.
This increase in cartridge case pressures was depicted in Figure 13.
Figure 25 shows a ruptured cartridge case in which the jet propellant
path was approximately 1 inch. Damage to this case was minimal and the
pressures recorded in the case were low. Figure 26 shows the remains
of a case in which the jet propellant path was approximately 8 inches;
damage to this case was more severe and the pressures recorded were
considerably higher than those for the former case.

The pressures on the compartment walls are dependent on the rupture i
pressures of the cartridge case. When the cartridge case ruptures,
the expansion of gases sends shock waves out to the compartment walls,
and there is a rapid buildup of pressure in the compartment.

*

J. Majerus, "Study of Armor for Vehicle Compartments," DF, Apr 74.
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By looking at figures 15 through 17 and the pressurc-time traces in
Appendix A, it can be seen that the compartment experienced some very
high pressures. The fact that the compartment was not damaged in this
test series was due, in part, to the large free volume, 17,270 cubic
inches, surrounding the impacted round and the 192-square-inch vent
located on the side of the compartment. In most tests in this series,
the peak pressures were recorded within the first couple of milliseconds
after the impacted round ruptured. After this, the pressures fell off
rapidly. This phenomenon has also been seen in tests conducted by
Battelle Columbus Laboratories; they reported that the initial shock
impinging on the walls of the compartment decayed to a relatively small
fraction of its initial value in three reverberations across the
compartment.3 It appears that the peak pressures recorded in the com-
partment are caused entirely by the initial detonation of the impacted
round. No pressure buildup is caused by the burning of the remaining
propellant owing to the open vent which allows the gases to escape
faster than they are generated.

In each test, differences in the pressure/time traces of gauges
located adjacent to each other, i.e., the two gauges on the side of
the compartment and the two gauges in the door of the compartment, were

in part due to the differences in their frequency responses. In addition,

because of the nonuniform nature of the shock waves reverberating in
the compartment, it is possible that two identical gauges placed side
by side would not produce identical pressure/time records since the
pressures recorded by each transducer are local pressures. It was also
noted that the pressure/time records varied between tests with identical
conditions, i.e., amount of jet conditioner, standoff distances, jet
propellant path, etc. The reason for this variation is due to the
variability of the shaped charge jet and in .the way the impacted cart-
ridge case ruptures. Even though the shaped charge jets used are
precision laboratory charges, they do not function exactly the same
way every time. Co

The peak pressures measured on the door of the compartment were
higher on most tests than those pressures measured on the side, but
that was not the case on total measured impulse on the door and side
of the compartment. Figure 20 is a plot of total impulse vs time for
shots with a 5-inch jet propellant path. As can be seen, the total
impulse on the side of the compartment was usually greater than that
on the door in those tests where the jet was conditioned with 8 and
10 inches of RHA. Figure 21 is a plot of total impulse vs time for
all shots for which the jet was conditioned with 8 inches of RHA. For
these shots, the total impulse on the side of the compartment in most

3Bimonthly Technical Progress Report No. 3, "Development of Design
Criteria for Ammunition Storage Compartments,' January 29, 1975. TACOM

Contract No. DARF-07-74-C-0266.
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cases was greater than that on the door for all jet/propellant paths
tested. Although higher peak pressures were recorded on the compartment
door in the majority of the tests, the total measured impulse was higher
on the compartment side in most of the test. (Data plotted for 4.5-inch
jet residual only.)

Test results showed that the measured residual pcnetration was less
than predicted. Because of the method used to predict residual penetra-
tion and the long standoff distances used in these tests, this is not
surprising. What is surprising are the relatively small differences in
residual penetration between tests using jets with small residuals and
those with jets with large residuals (Figure 24). The difference between
a shot with 4 inches of jet conditioner and one with 11 inches was only
1/2 inch. This implies that there was a more active jet/propellant
interaction when 4 inches of jet conditioner was used. This is indeed
what happened. Results of the test where 4 inches of jet conditioner
were used show severe damage to the impacted round and very high pressures,
both in the ammunition compartment and in the live propellant case. As
a jet passes through the propellant bed, the jet is attenuated by its
interaction with the propellant. The more energetic the jet, the more
violent the jet/propellant interaction, and the greater the jet attenua-
tion. The more the jet is disturbed as it passes through the live pro-
pellant cartridge case, the less its residual penetration will be. There-
fore, the violence of jet/propellant interaction has a definite effect
on the penetration of shaped charge jets.

The severity of the jet/propellant interaction seemed to have
no effect on the temperature-time profiles of the instrumented dummy
rounds in the compartment. The only parameter that had any effect on
thesehistories was the addition of two plastic l-gallon jugs filled with
water. When the jet entered the compartment and impacted the live pro-
pellant round, the jugs were either perforated or melted and the bottom
of the compartment was flooded with w:ter. In tests containing water
jugs, the bottom of the compartment was usually covered with unburned
propellant; in all other tests any propellant remaining in the compart-
ment was burned. On all tests unburned propellant could be found outsidc
the compartment. This propellant was blown through the open vent in the
side of the compartment immediately after the live round was impacted by
the shaped charge jet. In four of the five tests where water was added
to the compartment, the peak temperatures were markedly lower, averaging
approximately 100°F less than those recorded in tests containing no water.
However, on the fifth test containing water, test 24, the measured peak
temperatures were the highest recorded for any test in this series. The
reason for this is not known. Baseline hot-plate data obtained by Einstein
et al. suggest that even at these reduced temperatures it is probable that
had these dummy rounds contained propellant, cookoff would have been al-
most instantaneous.

S, 1. Einstein, J. Misko, and W, L. Taylor, '"Thermal Insulation for M119
Propelling Change in 105mm M109A]1 Self-Propelled Howitzer (for Cookoff
Protection)," TechnicalReport No. 4251, Picatinny Arsenal, Dover, New
Jersey, July 1971, AD 8870668L.
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According to Howe and Jackson, who conducted tests to determine
the cookoff hazard of compartmentalized tank projectiles, the temperatures
produced by a single propellant burn in this test series were not
sufficient to cause the warheads to cookoff.> They concluded from their
tests that warhead cookoff in a propellant fire is not a problem.

It should be noted that in all tests in this series the instrumented
warheads and cartridges were empty. The measured temperaturesprobably
would have been higher if they had contained explosive and propellant.

The following conclusions can be made:

~

1. The cartridge case rupture pressures and the compartment pressures
increase when the residual of the shaped charge jet or the length of
the jet/propellant path is increased.

2. The greater the jet/propellant interaction is, the greater the
jet attenuation, thus causing a reduction in the penetration capabilities
of the jet after it passes through the propellant bed.

3. The severity of the jet/propellant interaction seems to have
no effect on the temperature-time profiles of the neighboring rounds in
the compartment.

4. In most tests in this series, the temperatures recorded in the
empty cartridge cases were sufficient to cause propellant cookoff had
the cases been loaded with propellant.

5. The temperature-time profiles recorded in the inert HEAT and
HEP warheads were not sufficient to cause the warheads to cookoff.

>p.M. Howe and W. Jackson, "An Experimental Study of the Cookoff Hazard
of Compartmentalized Tank Projectiles," BRL Memorandum Report No. 2666,
August 1976. (AD #B014010L)
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TABLE 1. SUMMARY OF COMPUTED BLAST PARAMETERS

Peak Impulse to (Milliseconds)
Pressure (msi - ms),
Shot  Channel Psi_ 5 8 10 15 198
1 1 140.0 174 259 293 335 340 5
2 272.9 - - - - - X
3 178.5 164 234 280 319 366 XX
4 342.0 218 316 373 420 488
3
2 1 154.8 212 305 334 348 -
2 112.0 - - - - - X
3 118.0 222 321 377 459 505 XX
4 140.5 198 267 285 291 - 4
3 1 180.7 - - - - - X 3
. 2 313.6 268 337 362 404 429 )
3 158.0 - - - - - X o
4 308,.2 203 252 262 - - XX i
4 1 175.8 243 315 337 -
2 429.3 302 380 391 375
3 160.6 297 430 490 570
4 235.2 223 265 - -
S 1 156.0° -~ - - -
2 363.9 - - - -
3 132.0 263 382 427 513
4 238.0 - - - -
6 1 313.8 271 370 412 457
2 380.0 298 398 437 464
3 3 124.4 415 457 514 584
4 401.5 ~ - ~ -
7 1 222.0 309 424 469 518
2 467.0 342 466 517 557
3 315.0 336 491 557 665
4 546.0 347 459 486 491
8 1 130.7 245 353 395 432
2 667.9 274 381 412 -
3 178.9 272 393 447 543
4 538.0 279 374 391 426
. X Noisy record
i XX Negative nressure
] )
k . \ -, 29
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Shot

9

10

11

13

14

15

16

17

18

Channel

&N - BN - NN - LRV S & LN - 8N -

owm N -

&N -

B N -

X Noisy record

TABLE 1.

Peak
Pressure
_Psi_

329.4
531.9
162.3
616.0

268.4
912.2
213.0
502.8

393.8
935.2
265.7
705.0

323.0
1034.3
250.0
653.3

150.8
167.0
230.7
195.6

240.0
229.0
246
160

69
32
68
101

NO RECORDS

205
228
338
350

757
1008
405
1020

XX Negative pressure

|

482
465

322
430
400
419

389
496
463
486

366
504
424
129
180

159
132

262
386
340

41
66

290
340
438

931
1275
928
1070

(Continued)
Impulse to (Milliseconds)
(psi - ms)
8 10 15 19.5
- - - - X
660 750 868 1006
- - - - X
620 693 793 816
K
432 474 504 - XX )
565 609 634 - XX °
574 660 774 829
594 666 781 823
507 543 - - XX 1
667 735 806 - XX A
679 770 906 954
660 726 838 869
485 525 541 - XX
- - - - X
730 843 1042 1154
531 573 585 - XX
b
169 184 193 - XX
272 322 397 421 3
246 268 305 318 {
196 221 229 - XX
489 - - - XX '
527 520 632 634
505 581 685 739
- - - - X 1
47 - - - XX
92 103 112 - XX
- - - - XX
- - - - X
366 390 841
429 438 -
612 725 864
1469 1795 2292
1955 2345 2975
1482 1820 2389
1630 1920 2438
30
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Shot  Channel

19
20 1
2
3
4
21 1
2
3
4
22 1
2
3
4
23 1
2
3
4
24
25 1
2
3
4
26 1
2
3
4
27 1
2
3
4
28 1
2
3
4

X Noisy record
XX Negative pressure

TABLE I.
Peak
Pressure
_Psi_ 8
NO RECORDS
238 467
221 585
9347 575
113 293
507 -
544 555
10187 ~
23S 303
NO RECORD
582 640
755 -~
178 317
523 ~
410 ~
427 625
210 277
NO RECORDS
64 42.8
55 68
144 95
73 28
160 271
516 402
365 446
530 272
185 215
831 494
278 496
283 406
257 454
738 708
405 607
401 -

{Continued)

Impulse to (Milliseconds)

| oo

635
803
828
414

943
430
888

443

945
387

72
138
32

347
505
644
388

610
696
662

607
957
1053

(nsi - ms)
10 15
696 708
930 1133
946 1101
474 590
1120 -
484 585
975 -
507 607
1115 1367
437 494
151 170
367 -
537 558
739 884
440 512
808 1004
810 1157
676 693
1075 1174
1239 1614

19.5

1227
1170
659

XX

XX
XX

XX
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TABLE III. SUMMARY OF JET-TIP VELOCITIES

Test Predicted Average Jet Tip Velocity Residual
Residual at Round Begween Event Scrqug___ﬂ, Penetratioﬁ
A-BIA-C|A-DJA-E

1 2.47 ~== | not usPd in this test 3/4"

2 3v --- --- - - 3/8"

3 3" --- 3.5 3.2 3.2 374"

4 3 - & ~——- ———- 1"

S 3 --- 3.3 3.1 2.9 3/4"

6 4.5" --- --- --- --- 7/8"

7 4.5" --- --- --- --- 3/8"

8 4.5" 3.7 | --- 3.4 3.2 1"

9 6" -—- -——- —-——- -—- 1

10 6" --- --- --- --- 7/8"

11 6" 4.1 .- 3.5 3.2 7/8"

12 6" --- -——- -—- -——- 1-3/16"
13 4.5" 3.8 3.8 -—-- --- 1

14 4. 5" 3.8 3.8 4.0 3.9 1-3/8"
15 4.5" 3.8 3.9 4.0 3.8 l-l/l6ﬁ
16 4.5" 3.7 -——- 3.9 3.9 2-1/2n
17 4.5" 3.5 ——— -—- -—- 1/8"

18 8 5.1 --- 4.5 4.3 1-1/16"
19 8" _——— _——— _—— - 1-1/4"
20 4,5" --- - --- --- 1" i
21 4,5" --- --- --- --- o"
22 4.5" 2.8 3.3 .- 3.5 5/8"
23 4.5" 2.7 3.1 |31 |2.9 1/4" ‘
24 4.5" --- -——- .- --- 1-5/8"
25 4,5" --- --- --- --- 1-7/8"
26 4.5 --- --- --- .-- 1"

27 4.5" 3.8 --- 2,7 bl 1-1/72"
28 4.5" 4.3 ---=- |3.0 e "

ALL YELOCITIES MEASURED It MILLIM%TERS/ CROSECOND

--- THESE EVENT SCREENS FAILED TO FUNCTION PROPERLY

*#** ONLY THREE SCREENS USED ON THIS TEST
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’ MACHINE
M6 DETONATOR '
TETRYL
PELLEY
‘&
\\" R
3\
=== N\ \
5:' ':' \/Q \\%

’(}CANDIDATE

1 8H

™
o

254
eresy

% %%\v
L ><>(

;\"’\\s

v/

PLASTIC ALUGNMENY DEVICE
TO CENTER SOOSTER AND
DETONATOR ON CHARGE AXIS.

FIGURE 4. Schematic of BRL 3.2-Inch Precision Shaped Charge

~emosws FILLER S \

T 3 v

SMOOTH SURFACE OF EXPLOSIVE CHARGE

MODIFIEDO MACHINED COPPER DRAWN
LINER 2.692 am TO 1.905 mm. 8OQTH
INSIDE AND OUTSIDE SURFACES
MACHINED. INUM
” AINING
“W\mam.fl) \n‘m

s
\ a2° faed

??xxx X .&:zm

NSO N e n s mem e e

26.975mm 1013700

90mm MI71 ALUMINUM CASING
o VINES THICKNESS NOT TO VARY MOBS THAM
.008) mm IN ANY TAANSVIASE MANE AND 0.0510s
IN A LONGITUBINAL MANE.
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=T

A

S8cale, inch

Model No. - TI8 2 1
Piston area - 1/10 inch

Sphere diameter - 3/16 inch

Sphere material - Copper

Pressure Range - 2000-19000 PST (14-131 MPa)

FIGURE 7. Cross Section of a Mechanical Crush Gauge
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[:] Neck of Cartridge Case

E:] Base of Cartridge Case

6000 I-
/]
5000 + /
/
ig :j
? g 4000 + v
| 2 v
F & L/ o
' |
2 3000 ¢ /] L
& ] L/ % ]
Q 1
3 17 | b § |
1]
(=) 3
= 2000 t C /] L/ ¢
- i b
5 / / /] i
o / / ! 1
0 1E .
1000 1 /] L/ K ]
11 (A | [N %
/ /]
L
| F] 4
0 '3l’|7 ) 4.5" 6" 8" .
Jet Residual (Inches) ‘ j
] :
Figure 12. Average Peak Pressures in the Cartridge Cases as a Function - 4
of Jet Residual - Constant 5-Inch Jet/Propellant Path. ] i
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[:] Neck of Cartridge Case
6000 T
(A Base of Cartridge Case :
5000 t ~
T‘é
-~ 4000 +
8 A
3 A
[72] f
o ,
& %
. £ 3000 T |
3 0 ?1 % 3
g /] P
3 / b
-] b
Q 1 3 3
g 2000 t /] 4 ;
o H
z % j [
} 4
3 /1 v
| ALV o
1000 (4
e 11
| 2niid
9 0 | A
'l“ 5" 8“
Jet Propellant Path Ct
(inches)

Figure 13. Average Peak Pressures in the Cartridge Cases as a Function
of Jet/Propellant Path - Constant 4.5-Inch Jet Residual.
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D Neck of Cartridge Case

6000 1 Q Base of Cartridge Case
5000 T a
/
— /]
2 %
; 4000 t A
2 %
: /

. :’5: 3000 1
it
2 i p %
;j’ 2000 T - j % d
1110 | IL
w000 [ | Y d
% L/ 1
/| L/ ¢
0 ﬂ p d
3" 4.5" 6" 8"

Jet Residual (inches)

Figure 14. Cartridge Case Rupture Pressures - A1l Jet/Propellant Paths.

48




1100 1

T

Q Compartment Door
1000 + Compartment Side
900 <r
800

700 4

f 2 40 1 w//
300 ¢t Q?%\”\
200 + \Q\\’

100 ¢t

S

Ammunition Compartment Pressures (psi)

8" 6" 4.5" 3II

Jet Residuals (inches)

Figure 15. Peak Pressure Ranges as Measured in the Ammunition Compartment
by Piezoelectric Transducersas a Function of Shaped Charge Jet
Residual - Constant 5-Inch Jet/Propellant Path.
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[:]'Compartment Door

[::] Compartment Side

e a3 e e

Figure 16. Average Peak Compartment Pressures as a Function of Shaped
Charge Jet Residual - A1l Jet/Propellant Paths.
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E:g Compartment Side

[:] Compartment Door

1000 T )
900 +
800 -

700 + —_W

600 +

500 1 ]
400 t
300 1 ]

200 1

100 +

NANAVAWAY
AN

F-3

ANV VAN

2‘4" 3“ -5" 6"

Jet Residual (inches)

Figure 17. Average Peak Ammunition Compartment Pressures as a Function of
Shaped Charge Jet Residual - Constant 5-Inch Jet/Propellant
Path.
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1000 +
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900 ¢
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Figure 18. Average Peak Ammunition Compartment Pressures as a Function
of Jet/Propellant Path - Constant 4.5-Inch Jet Residual.




1000 T D Piezoelectric Gauges

900 1 [zzl Crush Gauges
800 T m
700 T
600 t
500 t F‘
400 +
300 +

200 t

Ammunition Compartment Pressures (psi)

100 ¢
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NN NN N Y

NN

3n 4-5u 6|| 8" f

Jet Residual {inches)

Figure 19. Average Peak Ammunition Compartment Pressures as a Function
of Shaped Charge Jet Residual, Constant 5-Inch Jet/Propellant
Path. A Comparison of Pressures as Recorded by Piezoelectric
Transducers and Mechanical Crush Gauges.
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1000 1
¢
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8" Jet/Propellant Path
800 T
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i Figure 20. Impulse Loading on Compartment Walls - Constant Jet Residual
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: B

500 T
]
400 4 A
vd
j 1 Cartridge Case
E, / D HEP Warhead
= 300 4
~ g - ]
e Ve
£ > Ej HEAT Warhead
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o | |~ |~
: TlE g
K‘ B A [ ]
1 ™ L
r w3 L N > N
SIRIN A TR
N = NS
0
Avg Peak Avg Peak Temperatures in
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;
Figure 22. Change in Temperature Measurements Over a 3-Minute Period.
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Figure 23. Comparison Between Peak Temperatures - Water vs No Water.
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1-Inch Jet/Propellant Path
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APPENDTIX A

ROUND-TO-ROUND DESCRIPTION OF PROPELLANT TESTS
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1. BRL PROPELLANT TEST NO. 1

Date: 21 June 1974

Objectives

This test was designed to study the environmental conditions present
in a vented ammunition compartment when & shaped charge jet with a 2.4-
inch residual is fired through the center line (5-inch propellant path)
of a single, live propellant round stowed in the compartment.

Apgroach

The objectives of this test were accomplished by firing a shaped
charge jet through a live propellant 105mm round stowed in an ammunition
compartment. The desired environmental conditions were recorded with a
combination of piezoelectric transducers and mechanical crush gauges.

Results

The shaped charge jet entered the compartment and passed through
the live propellant 105mm round (APDS M392A2) striking the primer; it
then exited the compartment and penetrated 3/4 inch into the residual
stack of steel RHA, ‘ i

The cartridge case of the live propellant round was torn apart in
the area of jet impact, and the remaining portion of the case was split
open; the warhead separated from the cartridge case; and the primer
was in two pieces. The cartridge case of the dummy round in the lower
corner of the compartment was squashed, but not broken open. There
was no damage to the dummy HEAT round nor was there any damage to the
compartment.

The piezoelectric transducers on the side of the compartment recorded
peak pressures of 140 psi and 178 psi and on the loading door, 273 psi
and 342 psi. All of these peak pressures were recorded during the first
100 microseconds of the event, their duration being only a matter of
several microseconds.

Mechanical crush gauges placed in the live propellant case recorded .
pressures of 1500 psi in the nose and 1200 psi in the base. No valid
data was acquired from the internal ferrule gauges placed in the nose
and base of the live propellant cartridge case.

‘PRECEDING PAGE NOT FILMED
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BRL 3.2" Precision Shaped Charge

Steel RHA-Jet Conditioner

Internal Volume of Event Screens
Compartment 19,024 cu. in.
Total Vent Area 192 sq. in, -

"Iive Propellant Round (105mm)

v - o

Jet Entrance and EJE.E.V ""12"""
Holes, 2" Diameter

Jet Path Thru Center Line of Round

. ' E
Steel RHA-Witness Plates l_—LE .

Dummy HEP Round

=

s rme _bpen
c--l-"-'..' M Pas \ Vent
\ Dumnw HEAT Round
P lect: /
1ezoelectric Gauges Live Propellant Round
SIDE OPPOSITE VENT ‘ LOADING DOCR

Figure A-1  Test Setup for Propellant Test No. 1
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II. BRL PROPELLANT TEST NO. 2

Date: 27 June 1974

Objectives

This test was designed to study the environmental conditions pre-
sent in a vented ammunition compartment when a shaped charge jet with
a 3-inch residual is fired through the center line (5-inch propellant
path) of a single, live propellant round stowed in the compartment.

Approach

The objectives of this test were accomplished by firing a shaped
charge jet through the center line of a live propellant 105mm round
stowed in an ammunition compartment. The event was recorded on film and
the desired environmental conditions were recorded with a combination
of piezoelectric transducers, mechanical crush gauges, thermocouples,
and event screens.

Results

The shaped charge jet entered the compartment and passed through
the live propellant 105mm round (APDS M392A2) striking the primer; it
then exited the compartment and penetrated 3/8 inch into the residual
stack of steel RHA.

The cartridge case of the live propellant round was torn apart in
the area of jet impact and the remaining portion of the case was split
open. The projectile separated from the case, and the primer was in two
pieces. There was no damage to dummy rounds nor was there any damage to
the compartment.

The piezoelectric transducers recorded peak pressures of 154 psi
and 118 psi on the side of the compartment, and 112 psi and 140 psi on
the door. Mechanical crush gauges in the front of the compartment
recorded peak pressures of 490 psi and 190 psi, and in the rear 216 psi
and 150 psi,

Crush gauges in the live round recorded pressures of 1000 psi in
the nose and 100 psi in the base. The internal ferrule transducers in
the live propellant cartridge case failed to provide any valid data.

A maximum temperature of 490°F was recorded in the HEAT round cartridge
case. Maximum temperature in the HEAT and HEP warhcads were 160° and
190°F respectively.

The event screeas failed to function properly.
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BRL 3.,2" Precision Shaped Charge —mM8M8M8 —--- - - [;\!

2 Cone Diameter Stand=off

Steel RHA Jet Conditioner

Internal Volume of

Campartment 19,02l cu, in.
‘Total Vent Area 192 sqe in,

Live Propellant Round(105mm)—

Jet Path Thru Center

Residual Stack of Steel RHA

A
L— IT"‘ T
lOIl
| : 9
Blast Table / E !
Event Screens 22n
_ B
- T TXCT
P D
\
N T } 105"
N
\ ‘\Dxir“ E
Jet Entrance and Exit
Holes, 2" Diameter 30
Line of Round, 12" from Base——w
Event Screen

b, L

Dummy Rounds Containing
Thermocouples, HEAT, HEP

-
TTTl..oo

N\

SIDE OPPOSITE VENT

Figure A-4

Piezoelectric Gauges

LOADING DOCUR

Test Setup for Propellant Test No.
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I1I, BRL PROPELLANT TEST NO. 3

pate: 3 July 1974

Objectives

This test was designed to study the environmental conditions pre-
sent in a vented ammunition compartment when a shaped charge jet with
a 3-inch residual is fired through the center line (5-inch propellant
path) of a single, live propellant round stowed in the compartment.

Agproach

The objectives of this test were accomplished by firing a shaped
charge jet through a live propellant 105mm round stowed in an ammunition
compartment., The event was recorded on film and the desired environ-
mental conditions were recorded with a combination of piezoelectric
transducers, mechanical crush gauges, thermocouples, and event screens. i

Results

The shaped charge jet entered the compartment and passed through the
live propellant 105mm round (APDS M392A2) striking the primer; it :
then exited the compartment and penetrated 3/4 inch into the residual i
stack of RHA.

The projectile of the live propellant round was seperated from .
its cartridge case. The cartridge case was torn apart in the area of : 3
jet impact, and the remaining portion of the case was split open. The
primer was in two pieces. There was no damage to the dummy rounds nor
was there any damage to the compartment.

The piezoelectric transducers on the side of the compartment
recorded peak pressures of 180 psi and 158 psi. These pressures occurrea
during the first 100 microseconds of the event. The peak pressures
recorded on the door were 313 psi and 308 psi. These pressures were
recorded during the first 20 microseconds of the event. All of the
peak pressures recorded were in the form of sharp spikes, their duration
being only a matter of several microseconds. The mechanical crush
gauge in the front of the compartment recorded 170 psi, and the gauge .
in the rear recorded 160 psi.

Mechanical crush gauges placed in the live propellant cartridge
case recorded pressures of 1200 psi in the nose and 600 psi in the
base, No valid data were acquired from the internal ferrule gauges
placed in the nose and base of the live propellant cartridge case.
The records produced by these transducers were extremely noisy, Maximum
temperature readings were 480°F in the cartridge case of one of the
dummy rounds, 160°F inside the dummy HEAT warhead, and 190°F inside
the dummy HEP warhead.
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The average jet-tip velocity as measured by the velocity screens
between points A and C was 3.5mm/usec; between A and D, 3.2mm/usec; and
between A and E, 3.2mm/usec.
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BRL 3,2" Precision Shaped Charge l’:’

2 Cone Diameter Stand-off

A
== ¥
Steel RHA Jet Conditioner = 1on
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g
Blast Table / bl
: Event Screens a2n
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Compartment 19,02k cu. in.
Total Vent Area 192 sq. ine _. .. .ecomeees N S
| i C H 65"
. N
Live Propellant Round(lOSmL— af— 10,5"
\ D y
S A4 § S,
Jet Entrance and Exit
' Holes, 2" Diameter ‘ 30
Jet Path Thru Center Line of Round, 12" from Base —
F Event Screen
E
F ~ Nﬁ JL
Residual Stack of Steel RHA

Dummy Rounds Containing
Thermocouples, HEAT, HEP

-

v ;-
TR W
o N /> “) :
\Piezoelectric Gaugés/ \Live Propellant Round, 105mm
SIDE OPPOSITE VENT LOADING DOOR

' Figure A-9 Test Setup for Propellant Test No. 3
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Figure A-12 Cartridge Case Temperature Time Histories - Test No. 3
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1V, BRL PROPELLANT TEST NO. 4

Date: 12 July 1974

Objectives

This test was designed to study the environmental conditions pre-
sent in a vented ammunition compartment when a shaped charge jet with
a 3-inch residual is fired through the center line (5-inch propellant
path) of a single, live propellant round stowed in the compartment,

AEBroach

The objectives of this test were accomplished by firing a shaped
charge jet through a live propellant 105mm round stowed in an ammunition
compartment., The event was recorded on film and the desired environ-
mental conditions were recorded with a combination of piezoelectric
transducers, thermocouples, and event Sscreens,

Results

The shaped charge jet entered the compartment and passed through
the live propellant 105mm round (APDS M392A2) grazing the primer; it
then exited the compartment and penetrated 1 inch into the residual
stack of RHA,

The projectile of the live propellant round was separated from its
cartridge case, The cartridge case was torn apart in the area of the
jet impact, and the remaining portion of the case was split open. The
primer was bent. The cartridge case in the upper corner of the compart-
ment was perforated by fragments from the impacted live propellant
round. The cartridge case of the other dummy round was squashed.

There was no damage to the compartment.

The piezoelectric transducers on the side of the compartment
recorded peak pressures of 175 psi and 160 psi; those recorded on the
door were 429 psi and 235 psi,

Temperatures were not recorded, and jet velocities were not

measured. The thermocouples wires were cut by fragments and the event
screens failed to function properly.
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BRL 3,2" Precision Shaped Charge m .
2 Cone Diameter Stand-off
A
=== ¥
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Steel RHA Jet Conditioner

Blast Table

DW'

Internal Volume of
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Dummy Rounds Containing
Thermocouples, HEAT, HEP
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\Piezoelectric Gauges/ KLive Propellant Round, 105mm

SIDE OPPOSITE VENT

LOADING DOCR

Figure A-14 Test Setup for Propellant Test No. 4
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V. BRL PROPELLANT TEST NO. 5

Date: 18 July 1974

Objectives

This test was designed to study the environmental conditions pre-
sent in a vented ammunition compartment when a shaped charge jet with
a 3-inch residual is fired through the center line (5-inch propellant
path) of a single, live propellant round stowed in the compartment.

AEEroach

The objectives of this test were accomplished by firing a shaped
charge jet through a live propellant 105mm round stowed in an ammunition
compartment, The event was recorded on film and the desired environ-
mental conditions were recorded with a combination of piezoelectric
transducers and event screens,

Results

The shaped charge jet entered the compartment and passed through
the live propellant 105mm round (APDS M392A2) grazing the primer; it
then exited the compartment and penetrated 3/4 inch into the residual
stack of RHA.

The projectile of the live propellant round was separated from
its cartridge case. The cartridge case was torn apart in the area of
jet impact, and the remaining portion of the case was split open. The
primer was bent. There was no damage to the dummy rounds or the com-
partment.

The piezoelectric transducers on the side of the compartment re-
corded peak pressures of 156 psi and 132 psi, These pressures occurred
during the first few milliseconds of the event. The peak pressures
recorded on the doorwere 364 psi and 238 psi,

The live round was not instrumented for this test nor were thermo-
couples mounted in the dummy rounds.

The average jet-tip velocity as measured by the velocity screens

between points A and C was 3.3mm/uscc; between A and D. 3.1mm/usec,
and between A and E 2.9mm/usec.
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BRL 3.2" Precision Shaped Charge

Steel RHA-~Jet Conditioner
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Figure A-17 Test Setup for Propecllant Test No. 5
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VI. BRL PROPELLANT TEST NO. 6

Date: 30 July 1974

Objectives

This test was designed to study the environmental-ccnditions pre-
sent in a vented ammunition compartment when a shaped charge jet with
a 4.5-inch residual is fired through the center line (5-inch propellant
path) of a single, live propellant round stowed in the compartment.

Approach

The objectives of this test were accomplished by firing a shaped
charge jet through a live propellant 105mm round stowed in an ammunition
compartment. The event was recorded on film and the desired environ-
mental conditions were recorded with a combination of piezoelectric
transducers, mechanical crush gauges, thermocouples, and event screens.

Results

The shaped charge jet entered the compartment and passed through
the live propellant 105mm round (APDS M392A2) striking the primer; it
then exited the compartment and penetrated 7/8 inch into the residual
stack of RHA.

The projectile from the live round separated from its cartridge
case. The cartridge case was torn in half in the area of the jet
impact; both sections were split open. The primer was in two piecces.
The cartridge cases of the dummy rounds containing the thermocouples
were dented, but not perforated. There was no damage to the compart-
ment.

The piezoelectric transducers on the side of the compartment
recorded peak pressures of 313 psi and 124 psi; those on the door
recorded peak pressures of 280 psi and 401 psi. Mechanical crush
gauges located in the front of the compartment recorded pressures of
410 psi and 260 psi, and crush gauges located in the rear of the com-
partment, 190 psi and 360 psi.

The mechanical crush gauge in the nose of the live propellant
cartridge case was damaged. The gauge in the base recorded 600 psi.
A maximum temperature of 413°F was recorded in the cartridge case of
the HEP round. Maximum temperatures recorded in the inert HEAT and
HEP warheads were 148° and 177°F, respectively,

The average jet-tip velocity as measured by the velocity screens

between points A and B was 3.7mm/usec; between A and D, 3.2mm/usec;
and between A and E, 3.0mm/usec.
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Figure A-23 Cartridge Case Temperature Time Histories - Test No. 6
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vII. BRL PROPELLANT TEST NO. 7
Date: 31 July 1974
Objectives

This test was designed to study the environmental conditions pre-
sent in a vented ammunition compartment when a shaped charge jet with
a 4.5-inch residual is fired through the center line (5-inch propellant
path) of a single, live propellant round stowed in the compartment.

Aggroach

The objectives of this test were accomplished by firing a shaped
charge jet through a live propellant 105mm round stowed in an ammunition
compartment. The event was recorded on film and the desired environ-
mental conditions were recorded with a combination of piezoelectric
transducers, mechanical crush gauges, thermocouples, and event screens.

Results

The shaped charge jet nicked the compartment as it entered and
passed through the live propellant 105mm round (APDS M392A2) striking
the primer; it then exited the compartment and penetrated 3/8 inch
into the residual stack of RHA,

The cartridge case was torn in half in the area of jet impact;
both sections were split open. The primer was in two pieces. The
cartridge cases of the dummy rounds containing the thermocouples were
dented and split. There was no damage to the compartment.

The piezoelectric transducers on the side of the compartment
recorded peak pressures of 222 psi and 315 psi; those on the door
recorded peak pressures of 467 psi and 546 psi. Mechanical crush
gauges located in the front of the compartment recorded pressures of
330 psi and 700 psi.

The mechanical crush gauges in the live propellant cartridge
case recorded pressures of 2000 psi in the nose and 1000 psi in the
base. A maximum temperature of 418°F was recorded in the cartridge
case of the HEP round. Maximum temperatures recorded in the inert
HEAT and HEP warheads were 157° and 175°F, respectively.

The event screens failed to function properly so there are no
recorded jet-tip velocities,
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Figure A-28 Cartridge Case Temperature Time Histories - Test No. 7
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VIII. BRL PROPELLANT TEST NO. 8

Date: 2 August 1974

Objectives

This test was designed to study the environmental conditions pre-
sent in a vented ammunition compartment when a shaped charge jet with
a 4.5-inch residual is fired through the center line (5-inch propellant
path) of a single, live propellant round stowed in the compartment.

Approach

The objectives of this test were accomplished by firing a shaped
charge jet through a live propellant 105mm round stowed in an ammunition
compartment. The event was recorded on film and the desired environ-
mental conditions were recorded with a combination of piezoelectric
transducers, mechanical crush gauges, thermocouples, and event Screens,

Results

The shaped charge jet entered the compartment and passed through
the live propellant 105mm round (APDS M392A2) striking the primer; it
then exited the compartment and penetrated 1 inch into the residual
stack of RHA.

The projectile from the live propellant round was separated from
its cartridge case. The cartridge gase was torn in half in the area
of jet impact; both sections were split open. The primer was in two
pieces. The cartridge cases of the dummy rounds containing the thermo-
couples were dented, but not perforated. There was no damage to the
compartment.

The piezoelectric transducers on the side of the compartment
recorded peak pressures of 131 psi and 179 psi and those on the door
668 psi and 538 psi. Mechanical crush gauges located in the front of
the compartment recorded pressures of 230 psi and 250 psi, and crush
gauges located in the rear, 400 psi and 500 psi.

The mechanical crush gauges in the live propellant cartridge case
recorded pressures of 800 psi in the nose and 1400 psi in the base. A
maximum temperature of 433°F was recorded in the cartridge case of
the HEP round., Maximum temperatures recorded in the inert HEAT and
HEP warheads were 140° and 203°F, repectively.

The average jet-tip velocity as measured with the velocity screens

between points A and B was 3.75mm/usec; between A and D, 3.4mm/usec;
and between A and E, 3.2mm/usec,

100




(2

4

BRL 3,2" Precision Shaped Charge

6.hn
Steel RHA-Jet Conditioner = g
== :
Blast Table / E N
Event Screens \Hole "
22
Internal Volume of _‘_
Compartment 19,02L cu, ine <
Total Vent Area 192 sq. ine c _6‘_"'
Live Fropellant Round (105mm) 10,5"
L H
Jet Pntrance and Exit P-12"—‘l
Holes, 2" Diameter — o

Event Screen

Steel RHA-Witness Plates

Dummy HEAT and HEP flounds

Containing Thermocouples

Mt B

- o ——— = - -

S il

r

7’

\ ]
._,()p

r~yAent

l‘/J

* SIDE OPPOSITE VENT

\Piezoelec tric Gauges/

\Live Propellant Hound

LOADING DCOR

Figure A-30 Test Setup for Propellant Test No. 8

101

|
|




g ‘ON 3s3L - ITeN juswyaeduo) UO SOTJOISTH JUWTL dInssald 1¢-V aandt 4

1J3SW) Wil

U U R D (N SN N S S

o1 3 3 h 2 0
,...\.vlL.ILI.. A 1. % L T -1 1 H 1. 1 1 1 4 J{ T -1 -1
- 3
[~ -
- 3
- € uor3TISOd g 3sal -
ho —
- 1631 "SHB3 BRHY 1-WX -
S VS NN VRN VN (U DA VS VA W S S T U U U U -
13ISK: ANt
ol 8 g h 2 0
| { 1 1 1 | § 1. || L H L 1 B [{ 1 R { 1 1 1
-
-
- 1 uotTdTsod g 3sal -
1631 " JHDD DWRY 1-WX m

PRI s SRt e 55
TR
=
-
-
-
-
-
e

i Lot 3.

gl-
0]

~
[ 3

-~
cS

oL
06
Gl
115 B
asl
oLl

15d) TNSSIUd

o
| gd
(1sd) TANSSTUd

o1l
o€l
oS!
oLl

102




g "ON 3s3] - XooQ 3urpeo] U0 SITIOISTH SWLL aanssald zs-V 2Indr4

1335W: WLl

ol 3 9 h z 0
- D I A S A -
- -
o L
- .
- -
- -
b~ -
o y uotaIsed g 3591 .
o 1571 CaRd DhkG 1-RX 3
i U W U VAN B U Nl W TS NN VNS W NS WSS S j
1J3SH} WL L
31 3 h _ 2 0
T R S Y NN SN S SO S ]
- ]
— —
- Fd :.O.m.kﬂmOA— 8 1S3} “
- 1531 " QMDD ORKY 1 X ﬁ =
TV U WU U 0 W S S e [ UEE R S W

o6~

Y <)
(%

agl
2458
03¢
°Sh
ass
)59

(1sd) FJdnNSsIdd

(1sd) TUnSSTUd

103




CARTRIDGE CASE TEMPERATURES

500 POS 3
POS 1
I
OPEN
koo POS 2 VENT
=~ ”
= 300
g
| % ~~~~"—:2.‘:.~~
S
% 200 -
l g
" 100
h !
° 9 1 2 3 L 5 6

TIME ( MINUTES )

Figure A-33 Cartridge Case Temperature Time Histories - Test No. 8
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IX. BRL PROPELLANT TEST NO. 9

Date: 6 August 1974

Objectives

This test was designed to study the environmental conditions pre-
sent in a vented ammunition compartment when a shaped charge jet with
a 6-inch residual is fired through the center line (5-inch propellant
path) of a single, live propellant round stowed in the compartment,

Aggroach

The objectives of this test were accomplished by firing a shaped
charge jet through a live propellant 105mm round stowed in an ammunition
compartment., The event was recorded on film and the desired environ-
mental conditions were recorded with a combination of piezoelectric
transducers, mechanical crush gauges, thermocouples, and event screens.

Results

The shaped charge jet entered the compartment and passed through
the live propellant 105mm round (APDS M392A2) missing the primer; it
then exited the compartment and penetrated 1 inch into the residual
stack of RHA,

The projectile was separated from the live propellant cartridge
case. The cartridge case was torn in half in the area of jet impact;
both sections were split open. The primer was bent and split open.
The cartridge cases containing the thermocouples were dented, but not
perforated. There was no damage to the compartment.

The piezoelectric transducers mounted on the side of the com-
partment recorded peak pressures of 329 psi and 220 psi; and those
on the door, 531 psi and 616 psi. The mechanical crush gauges located
in the front of the compartment recorded pressures of 280 psi and
510 psi, and crush gauges located in the rear, 215 psi and 385 psi,

The mechanical crush gauges in the live propellant cartridge case
recorded pressures of 3600 psi in the nose and 3200 psi in the base.
A maximum temperature of 567°F was recorded in the cartridge case of
the HEP round. Maximum temperatures recorded in the inert HEAT and
HEP warheads were 146° and 180°F, respectively.

The event screens failed to function properly.
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X. BRL PROPELLANT TEST NO. 10

Date: 8 August 1974

Objectives

This test was designed to study the environmental conditions pre-
sent in a vented ammunition compartment when a shaped charge jet with
a 6-inch residual is fired through the center line (5-inch propellant s
path) of a single, live propellant round stowed in the compartment.

Approach 4

The objectives of this test were accomplished by firing a shaped
charge jet through a live propellant 105mm round stowed in an ammunition
compartment. The event was recorded on film and the desired environ-
mental conditions were recorded with a combination of piezoelectric
transducers, mechanical crush gauges, thermocouples, and event Screens, ;

. Results

The shaped charge jet entered the compartment and passed through ]
the live propellant 105mm round (APDS M392A2) missing the primer; it
then exited the compartment and penetrated 7/8 inch into the residual
stack of RHA.

b The projectile Was separated from the live propellant cartridge

case. The cartridge case was torn in half in the area of jet impact;
both sections were split open. A portion of the cartridge case was B
jammed in the jet exit hole in the bottom of the compartment. The
primer was bent and split open. The cartridge cases containing the E
thermocouples were dented, but not perforated. There was no damage :
to the compartment.

The piezoelectric transducers mounted on the side of the compart-
ment recorded peak pressures of 268 psi and 213 psi; those on the door,
912 psi and 502 p i. The mechanical crush gauges located in the front
of the compartment recorded pressures of 310 psi, 750 psi, and 1780
psi. The crush gauge at the rear recorded a pressure of 210 psi.

Mechanical crush gauges in the live propellant cartridge casc
recorded pressures of 2300 psi in the nose and 1777 psi in the base.
A maximum temperature of 420°F was recorded in the HEP round cartridge
case. Maximum temperatures recorded in the inert HEAT and HEP warheads
were 138° and 171°F, respectively.

The event screens failed to function.
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Figure A-43 Cartridge Case Temperature Time Histories - Test No. 10
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Figure A-44 HEP and HEAT Warhead Temperature Time Histories - Test No. 10
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XI. BRL PROPELLANT TEST NO. 11

Date: 20 August 1974

Pre S

Objectives

This test was designed to study the environmental conditions pre-
sent in a vented ammunition compartment when a shaped charge jet with a
6-inch residual is fired through the center line (5-inch propellant path)
of a single, live propellant round stowed in the compartment.

ok

Approach

The objectives of this test were accomplished by firing a shaped
charge jet through a live propellant 105mm round stowed in an ammunition
compartment. The event was recorded on film and the desired environ- ;
i mental conditions were recorded with a combination of piezoelectric
transducers, mechanical crush gauges, thermocouples, and event screens.

Results
The shaped charge jet entered the compartment and passed through
' the live propellant 105mm round (APDS M392A2) missing the primer; it

then exited the compartment and penetrated 7/8 inch into the residual
stack of RHA.

The projectile was separated from the live propellant cartridge }
case. The cartridge case was torn in half in the area of jet impact; '
both sections were split open. The primer was bent and split open, but
still in one piece. There was extensive damage to the cartridge cases
containing the thermocouples. The top thermocouple case was cut to the
center by a fragment and the thermocouple wires inside were cut and 1
burned. The bottom thermocouple case was badly dented and had two holes ]
in it where a fragment had entered one side of the case and exited the '
other side. There was no damage to the compartment.

The piezoelectric transducers mounted on the side of the compart-
ment recorded peak pressures of 394 psi and 266 psi; those on the door,
935 psi and 705 psi. Mechanical crush gauges located in the front of
i the compartment recorded pressures of 500 psi and 750 psi, and crush
gauges in the rear, 300 psi and 320 psi.

Crush gauges were not placed in the live propellant cartridge case
for this test. No temperature records were obtained because the thermo-
couple wires were burned and cut.
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The average jet-tip velocity as measured by the velocity screens

between points A and B, was 4.lmm/usec; between A and D, 3.5mm/ usec; ;
and between A and E, 3.2mm/usec. The event screen labeled C on top of

the live propellant round failed to function properly.

e et S
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BRL 3,2" Precision Shaped Charge H

-
Steel RHA-Jet Conditioner = 6"
A — T
Blast Table / Vo
(] L\ |
Fvent Screens \l{ole 290 ‘
Internal Volume of B _L ]
Compartment 19,024 cu, in. ‘ < '
Total Vent Area 192 sq, in, \ 645"
\ ¥
Live Fropellant Round (105mm) \ l >/ N 10.5"
\ D
Jet ntrance and Exit/ Fo—]2" —»
Foles, 2" Diameter
’ . 3hn

Event Screenﬂ JL
Steel RHA-Witness Plates

==

Dummy HEAT and YFP lounds
Containing Thermocouples

---r----'

T LK

\Piezoelectric Gauges/ \Live Propellant Hound

* SIDE OPPOSITE VENT LOADING DOCR
Figure A-45 Test Setup for Propellant Test No. 11
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XII. BRL PROPELLANT TEST NO. 12

Date: 26 August 1974

Objectives

This test was designed to study the environmental conditions pre-
sent in a vented ammunition compartment when a shaped charge jet with a
6~-inch residual is fired through the center line (5-inch propellant path)
of a single, live propellant round stowed in the compartment.

AEEroacn

The objectives of this test were accomplished 